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Abstract—When trying to estimate the location of a non- coherency which makes LBl more widely applicable.
cooperative non-coherent emitter using intercepted sigia However, LBI based methods are generally less accurate
measurements from a single airborne platform, the doppler-  pacqse they suffer from the “phase wrapping” effect

based techniques, such as thierequency of Arrival (FOA) is E the classical si | ina k led if 1
not applicable. In this paper, we propose a single platform rom the classical signal processing knowledge, It two

long baseline interferometry (LBI) based emitter location antennas are more than half wavelength apart, ambiguity
estimator which achieves optimal estimation accuracy on in the phase difference measurements will be introduced

average without any prior information such as a rough due to the cyclic nature of phase measurements. Higher
emitter location estimate or a reference point. The novelty the emitting signal frequency, severer the ambiguity

of the proposed approach is that it tackles the “phase
wrapping” problem inherited in the LBI by exploring the becomes. Lots of research efforts [1]-[11] focused on

spatial diversity and requiring the platform to fly along a  removing the ambiguities in order to improve the esti-
spiral-shaped trajectory. We demonstrate that an arbitrary mation accuracy of LBI based emitter location methods.
platform trajectory can be evaluated in terms of the ability ~ Among other ambiguity resolving methods, [4] proposed
of getting accurate estimation using an entropy-based 4 gef resolving technique which relies on a grid search
diversity measure. The robustness of the proposed scheme is . .
also explored. This work intends to provide a different angé over a cost surface followed bY an iterative least squares
for single platform emitter location estimation accuracy Cconvergence over the local neighborhood of the selected
improvements. trial grid point. However, the granularity of the grid
search satisfying the unimodal assumption on the cost
surface was not studied in [4]. Moreoever, as will be

Emitter location estimation based on the long baselirghown below, LBI cost surfaces are often characterized
interferometry (LBI) is a classical technique for findingoy a slim ridge over which the surface is extremely mul-
geolocation of a non-cooperative emitter. A LBl basetimodal. Simple grid searching over the entire solution
location estimator calculates phase difference measugpace might not be able to provide adequate estimation
ments between the received signals from two anteaecuracy and requires extensive computational overload
nas(apertures) that have been spatially separated oatahe same time.
single platform. The calculated phase differences are
then used as data measurements to further estimate the ESTIMATION ACCURACY FROM THE PLATFORM
location of the emitter using a Least Squares estimator. TRAJECTORYPOINT OF VIEW

In LBI terminology, the platform that performs the It has been shown in [12] that relative geometry
estimation task is called the “baseline”; the baselingetween the emitter and the platform greatly affects
length, denoted ag¢, is the distance between two anthe Cramér-Rao bound of an emitter location estimator.
tennas(apertures) on the platform and “long baselin€revious research also demonstrated that in many emitter
refers to the case where the two antennas are placedoaition estimators the flying trajectory of the platform
a distance greater than half of the signal wavelength has a crucial impact on the final estimation accuracy.
i.e., L > A\/2. On the contrary, in the short baselinéA trajectory which maximizes the time portion when
interferometry (SBI) scenario, two antennas are plac#ide platform flies perpendicular to the emitter is most
at a distance less thaxy2. likely to lead to optimal estimate in terms of estimation

Unlike other single platform methods such as thaccuracy. However in practical cases, due to the lack
Frequency of Arrival (FOA), LBI does not require theof apriori information about the true emitter location,
emitting signal to have certain frequency and/or timingstimation accuracy suffers dramatic fluctuations as the

I. LONG BASELINE INTERFEROMETRY



true emitter location varies. Certain trajectory may trimust be self-revolving in nature. The circular trajectory
umph when the emitter lies in certain spatial area whileowever introduces spatial redundancy after the platform
performs poorly or even shows inability to estimate whefties a close loop and therefore phase difference data
the emitter is located somewhere else. Hence in situaticctdlected thereafter becomes redundant and does not
when prior information about the true emitter location isontribute to further estimation accuracy improvement.
not provided, online trajectory design is impossible in A trajectory shape which combines evenness in angu-
general. A reasonable question to ask instead is, woudd distribution and non-overlapping path is the spiral.
it be possible to design a universally optimal platfornCircular in nature, every point on a spiral is getting pro-
trajectory which maximizes the estimation performanagressively further away as it revolves around the origin.
on average without any prior information of the true\ particular category of spirals called the Archimedean
emitter location? Spirals are spirals defined in polar form as follows [13],
In order to study the connection between trajectory _ apt/m @)
pattern and estimation accuracy, we use an entropy-based re=a
diversity measure to capture the degree of trajectory
angular variation which is proportional to the trajectsry’'wherea is a constant that determines the spatial separa-
ability to obtain accurate estimation on average withotibn between loops; is the radial distance), is the polar
prior information about the emitter location. We foundangle andh is a constant that determines the tightness in
out that a universal optimal trajectory which on averagehape of the spiral. A particular type of the Archimedean
maximize the accuracy of the location estimate is apiral with n = 1 is called the Archimedes’ Spiral.
Archimedes spiral one. [14] proposed the idea of eliminating the systematic
. : bias in direction finding estimations by a particularly
A. Entropy-Based Angular Diversity Measure designed trajectory which after theoretical derivation is
The angle of arrival (AoA) of the emitting signal toa logarithmic spiral, but the paper did not address the
the platform alone significantly influences the estimatiogpiral's impact on overall estimation accuracy. To the best
accuracy of the emitter location estimation. Thereforgf our knowledge, estimation performance improvement
it is heuristically desirable for the designed trajectoryy Bl based emitter location from the aspect of the
to have high angular diversity, i.e. the platform shoulgptimality of the trajectory has not been explored in the
follow a trajectory which thoroughly explore its spatialiterature so far.
neighborhood in order to obtain accurate estimation. The proposed spiral trajectory reduces the amount of
The angular diversity of a trajectory is defined in thgedundancy by attaining more spatial diversity, and at the
form of the entropy of a discrete random variable:  same time, approximately achieves the uniformness in
i i the angular distribution, thus it preserves the optimait
Da=-— Zp" log py (1) terms gf the angular diversity. 'Il?herefore, the s?)iral baysed
‘ trajectory isoptimal on averagebecause it maximizes
where 360 degree is sliced inta angular intervals and the angular diversity defined in (1) thus maximizes the
ph, i =1,2,--- s is the probability mass evaluated adime portion when the trajectory is perpendicular to the
the number of occurrences in thi interval divided by bearing angle.
the total number of measurements of the angle of arrival 1
0. For a large set of AOA measurements, the angular
diversity characterizes the spatial variation of a traject
The maximum diversity is achieved when the trajecto
demonstrates uniform angular histogram, pp~= p3 = _ ) o
-+ = p5 in which case a trajectory maximizes the portion 1) Sinusoidal Wiggling;

. PERFORMANCEEVALUATION

We demonstrate the performance improvements by
pplying the spiral shaped trajectory compared to three
ther widely researched counterparts:

flying perpendicular to the target bearing. 2) Constant Acceleration Turn and
. _ 3) Constant Velocity.
B. Spiral Shaped Trajectory In the sinusoidal wiggling case, the platform is de-

We claimed above that a trajectory with high angulasigned to fly sinusoidally along the horizontal axis in
diversity tends to do a better job in finding accuratthe 2-D plane with the maximum vertical acceleration
location estimates, the goal is to find such trajectories,,ax = 3g where g = 9.8m/s?. In the case of
which maximize the angular diversity defined in (1). Obeonstant acceleration turn, the platform performs a turn
viously to achieve maximum evenness in the histograwith constant acceleratiold = 3g. And in constant
of the angle of arrival to the emitting signal, the trajegtorvelocity case, the platform flies along the horizontal axis
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ANGULAR DIVERSITIESFOR THE4 TYPES OFTRAJECTORY
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estimation accuracy is inversely proportional to the an-
gular diversity, the LBI estimator gives the best accuracy
performance among four test cases by flying along the
—— spiral shaped trajectory. On the contrary, the constant
velocity scheme performs the worst because the platform
er 1 acquires the least angular diversity along the trajectory.
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Estimation accuracy corresponds visually to the shape

Fig. 1. Four Types of Platform Trajectories and area of the Least Squares surface contours around

the true emitter location which can be characterized as
) ) the area of the estimation error ellipsoid. [15] shows that
with constant speed = 50m/s, A = 0. lllustrations the area of the ellipsoid is proportional to the CRB of the
of the four types of trajectory are shown in Fig. 1. TQstimator which is also proportional to the determinant
make the comparisons reasonable, the time duration a8dihe covariance matrix of the estimates. We use the
trajectory length are same in all 4 scenarios. determinant to the estimation covariance matrix as a

A. Angular Diversity Comparisons single-value quantitative accuracy measure.

We use the enopy-oase messure cened i (1) (12 Sows he determinant o e covrnce e
calculate the angular diversity. Without loss of geneyalit ! 1 u qu

. ’ o surfaces in 4 scenarios with different trajectory patterns
we assume an arbitrarfar field position as the true entioned above. From the contour plots, we clearly see
location of the emitter and then calculate the ang ) pIotS, y

«a between the current platform position and a certain de Zgr;?gﬁs t?]r: tz)r(trgtn;ilgrirr?UIS?eocOtI?c:naT—?on:a\r/]::/einst“hrg
point in the coordinate system, commonly the origin, a1%9 Y g 9 ' '

each trajectory point. By dividing the intervéd, 2r) spiral trajectory case, the cost surface illustrates aehap

into s — 100 equal length subintervals, we are ablgeak and is much less rippled outside the neighborhood

to approximate the discrete probabilistic masses of tr\%here the emitter truly resides. The Least Squares cost

subintervals using the frequencies of occurrence from tﬁ%rface shown in Fig. 2(d) is the most desirable one

. ) . en grid searching the LS cost as proposed in [4]
g::]abgtgfnghuiezlig?e(smmpy based angular dlvers;fgy find a local neighborhood to apply iterative least

In our experiments below, we assume two SCg_quaresalgorithmson. Moreover longer the platform flies
narios where the true emi’tter locates al, = along the trajectory, smaller the area of the ridge in the

(40000/v/2,40000/v2) and p. — (0,40000) respec- spiral trajectory case gets which results in more accurate

tively. From (1), the angular diversity is a function®Stimate

of the anglesa, and therefore the angular diversity is RobuSIness
completely determined by the shape of the trajectory, not
by its relative position to the emitter. Thus the angular Since the angle of arrival of the emitting signal is crit-
diversity quantities are the same in both scenarios. Aizal to the location estimation accuracy, performances on
gular diversities in the four trajectory cases are shown platform trajectories which have clear moving tendencies
Table I. such as the sinusoidal wiggling, constant acceleration
From Table I, we see that the spiral has the highestrn and the constant velocity are sensitive to the varia-
angular diversity among all 4 cases in the comparisotion of relative anglé between the trajectory origin and
The ratios of the diversities in the other 3 cases agairtbe true emitter location. On the other hand, estimation
that in the spiral case are also shown. Since the locatiaocuracy performance on a spiral shaped trajectory is far
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Fig. 2. LS Cost Surfaces for 4 Trajectory Types

more robust to the emitter position variation because sgichieves its best performance when the emitter locates
ral trajectory achieves approximate angular fairness, i& ¢ = 7/2,37/2 relative to the origin while constant
maximum angular diversity. The geometry and relativieirn trajectory. The constant acceleration turn and the
angle between trajectory origin and the emitter is showgonstant velocity scheme obtains their most accurate
in Fig. 3. results around = pi/4,57/4 and 0 = kxn/4,k = odd
respectively. Notably the spiral trajectory dramatically
The simulation result on the robustness in the 4 trajeoutperforms the other 3 schemes throughout the en-
tory cases is shown in Fig. 4 from which the robustnesise angular axis. Moreover, the spiral trajectory based
of the proposed spiral trajectory based location estimatestimator shows little performance variation while the
is demonstrated. The estimation accuracy which is evalother 3 schemes suffer considerable estimation accuracy
ated as the determinant of the covariance matrix is plottéidctuation as the relative angfevaries. This illustrates
on the logarithmic scale. Sinusoidal wiggling trajectory
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Fig. 3. Relative Angle Between the Trajectory Origin and Trae
Emitter Location

the robustness of the proposed trajectory pattern.
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Fig. 4. Estimation accuracy sensitivity to the signal angflerrival
in the 4 cases
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